Introduction
============

The immune system of patients with cancer is often in an inhibitory state, and is unable to fulfill responsibilities of immunological surveillance ([@b1-ol-0-0-6537]). These patients often suffer from decreased T cell counts, which lowers their ability to cope with different pathogens ([@b2-ol-0-0-6537]). A large number of immunosuppressive cells accumulate in tumor microenvironments, including exhausted cytotoxic T lymphocytes, Tregs and myeloid derived suppression cells, which limits the normal function of effector immune cells ([@b3-ol-0-0-6537]).

Generation of adaptive immune responses mainly takes place in secondary lymphoid organs, particularly lymph node (LN) draining of pathological sites. Antigen-specific lymphocytes are predominantly activated and expanded in draining LNs ([@b4-ol-0-0-6537]). However, the microenvironment in tumor draining lymph nodes (TDLNs) of patients with cancer appears to be in favor of immune tolerance ([@b5-ol-0-0-6537]). Cell components of LNs consist of immune cells and stromal cells. According to their different surface markers \[CD31 and podoplanin (gp38)\] stromal cells can be separated into several subtypes ([@b6-ol-0-0-6537]). Fibroblastic reticular cells (FRCs; gp38^+^CD31^−^) are the main constructer in LNs, which orchestrate a complex network of extracellular matrix and collagens ([@b4-ol-0-0-6537]). Lymphocytes then roam through this network to search for cognate antigens expressed on the surfaces of antigen-presenting cells ([@b7-ol-0-0-6537]). This interaction between stromal cells and immune cells in LNs is critical for the normal function of the immune system ([@b7-ol-0-0-6537]--[@b9-ol-0-0-6537]). Simultaneously, FRCs are the main source of interleukin-7 (IL-7) in the periphery, a survival signal to lymphocytes immigrated into LNs ([@b10-ol-0-0-6537]). Competition for this limited signal may control the size of the T lymphocyte pool ([@b11-ol-0-0-6537]). Lymphatic endothelial cells (gp38^+^CD31^+^) circle around the lymphatic vessel in LNs and are another producer of IL-7 in mice and human fetal mesenteric LNs ([@b12-ol-0-0-6537]). These stromal cells are candidate compartments for the maintenance of peripheral immune tolerance ([@b6-ol-0-0-6537],[@b13-ol-0-0-6537]--[@b15-ol-0-0-6537]).

Accordingly, the present study aimed to elucidate whether tumor cells have an impact on LN stromal cells, to deteriorate their immunosuppressive status in patients with cancer. The present study focused on IL-7 produced by stromal cells, a cytokine indispensable for the adaptive immune system ([@b16-ol-0-0-6537]). T cell homeostasis and lymphopenia-induced proliferation are highly dependent on peripheral IL-7 ([@b17-ol-0-0-6537],[@b18-ol-0-0-6537]), and are also crucial for T lymphopoiesis in the thymus ([@b19-ol-0-0-6537]) and LN organogenesis ([@b20-ol-0-0-6537]--[@b22-ol-0-0-6537]). The present study identified that IL-7 produced by FRCs in TDLNs of tumor-bearing mice was significantly decreased. Inadequate supply of IL-7 in TDLNs was insufficient to support the survival of T cells in LNs, which will aggravate the immunosuppressive status of cancer.

Materials and methods
=====================

### Mice

Approval for animal experiments was obtained from the Institutional Ethics Committee of the Third Military Medical University (TMMU; Chongqing, China). Female 6-week-old C57BL/6 mice, weighting 16--18 g, came from the Center of Experimental Animals of TMMU. They were housed in SPF-class laboratory animal room at a temperature of 22--26°C and humidity of 50--60%. They were maintained under a 12 h dark/12 h light cycle, supplied with sterile food and water ad libitum. All animals were assigned to control and tumor-bearing groups randomly. A total of 1×10^6^ Lewis lung carcinoma cells, suspended in 100 µl PBS buffer, were inoculated in the right inguinal region of mice.

### Patient cohorts

A total of 40 patients diagnosed with colon cancer at different Dukes stages ([@b23-ol-0-0-6537]) who had received surgical excision in Xinqiao Hospital were included in the present study. Ethical approval for the project was obtained from the Institutional Ethics Committee of the TMMU. Written informed consent was obtained from each patient included in the present study.

### LN biopsy specimens

A total of 40 patients with colon cancer at different Dukes stages were enrolled into the present study. LN biopsies, from patients undergoing surgical resection or colonoscopic biopsy were obtained from the Department of Pathology, Xinqiao Hospital (Chongqing, China) randomly. All LN biopsies came from mesenteric LNs which were defined as TDLNs. According to the criteria of Dukes stages ([@b23-ol-0-0-6537]), each stage (A-D) contained 10 patients, and there were 1 to 4 LNs for each patient. The study mainly focused on the changes of IL-7, number of T cells and FRCs in TDLNs. As a result, TDLNs from Dukes stage A were used as control groups in the patient experiment. Mice were sacrificed 28 days following tumor inoculation, and subsequently the LNs of the mice were removed from the inguinal region. The right LNs of the inguinal region were defined as TDLNs while the left sides were defined as non-TDLNs (nTDLNs). LNs from control group mice were defined as control specimens (Con). Each LN biopsy was immediately immersed in 4% neutral buffered paraformaldehyde and paraffin embedded.

### Flow cytometry

Flow cytometry analysis was performed as previously described ([@b24-ol-0-0-6537]). LNs were dissected and digested thoroughly with enzyme mix comprised of RMPI-1640, containing 1 mg/ml collagenase IV (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 2% fetal bovine serum (Tianjin TBD standard, Tianjin, China) and 50 µg/ml DNase I (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The following antibodies were used: Anti-CD45 (clone 30-F11); anti-podoplanin (clone8.1.1); anti-CD31 (cloneMEC13.3); anti-CD4 (clone GK1.5); and anti-CD8 (clone 53--6.7; all from BioLegend, Inc., San Diego, CA, USA). All the dilutions were 1:100.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. RNA was converted to complemenatry (c)DNA using PrimeScript Reverse Transcription reagent kit with gDNA eraser (Takara Bio Inc., Otsu, Japan). The cDNA from was used for RT-qPCR analysis of IL-7. PCR primer pairs were as follows: IL-7 forward, 5′-CTGCAGTCCCAGTCATCAGTA-3′ and reverse, 5′-GTGGCACTCAGATGATGTGACA-3′ and β-actin forward, 5′-CCTGAGGCTCTTTTCCAGCC-3′ and reverse, 5′-AGAGGTCTTTACGGATGTCAACGT-3′ ([@b25-ol-0-0-6537]). Total IL-7 mRNA was measured using SYBR-Green reagents (Takara Bio Inc.) and run in triplicate on the Applied Biosystems 7500 fast real-time PCR Detection system (Thermo Fisher Scientific, Inc. Carlsbad, CA, USA), normalized to β-actin by employing the 2^−∆∆Cq^ method ([@b26-ol-0-0-6537]). Thermocycling conditions were as follows: 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec, 59°C for 34 sec, 95°C for 15 sec, 60°C for 60 sec and 95°C for 15 sec.

### Immunofluorescence microscopy

All staining was performed as previously described using 10 µm tissue sections mounted on glass slides ([@b8-ol-0-0-6537],[@b9-ol-0-0-6537]). Primary antibodies were as follows: Anti-mouse ER-TR7 (dilution, 1:100; cat. no. sc-73355; Santa Cruz Biotechnology, Inc., Dallas, TX, USA); anti-mouse IL-7 (dilution, 1:50; cat. no. sc-7921; Santa Cruz Biotechnology Inc.); and rabbit IgG isotype (cat. no. A7016; Beyotime Institute of Biotechnology, Beijing, China). Secondary antibodies were fluorescein isothiocyanate-conjugated anti-rat (dilution, 1:200; cat. no. A0557; Beyotime Institute of Biotechnology) and Cy3-conjugated anti-rabbit IgG (dilution, 1:100; cat. no. A0516; Beyotime Institute of Biotechnology).

### Western blot analysis

Portions of each LN sample were applied to 12% SDS-PAGE and detected using a specific goat gp38 antibody (dilution, 1:1,000; cat. no. AF3244; R&D Systems, Inc., Minneapolis, MN, USA). A horseradish peroxidase-conjugated anti-goat IgG (dilution, 1:5,000; cat. no. A0181; Beyotime Institute of Biotechnology) was used to visualize the signal by ECL prime western blotting (Beyotime Institute of Biotechnology). The blots were quantified by measuring the relative band intensity normalized to changes in β-actin intensity.

### Immunohistochemistry

All staining procedures were performed as previously described ([@b27-ol-0-0-6537]). Subsequent to tissues being deparaffinized and rehydrated using dimethylbenzene and gradient concentration of ethanol, heat-induced epitope retrieval was performed with water bath heating in EDTA antigen retrieval buffers (pH 8.0; Zhongshan Company, Beijing, China) for 10 min, cooling to room temperature. The sections were then blocked with 5% bovine serum albumin (BSA) blocking reagent (Boster Systems, Inc., Pleasanton, CA, USA) and 3% H~2~O~2~. Primary antibodies were diluted in 5% BSA and incubated overnight at 4°C. The next day, slides were washed using PBS and stained with secondary antibody, horseradish peroxidase-conjugated anti-rabbit (dilution, 1:1,000; cat. no. A0208; Beyotime Institute of Biotechnology). Light micrographs were captured using an Olympus BX60 upright microscope (magnification, ×40; 0.75 numerical aperture).

Primary antibodies were as follows: Anti-mouse CD3 (dilution, 1:100; cat. no. ab16669; Abcam, Cambridge, MA, USA); anti-mouse CD8 (dilution, 1:100; cat. no. sc-7188; Santa Cruz Biotechnology Inc.); anti-human IL-7 (dilution, 1:50; cat. no. sc-7921; Santa Cruz Biotechnology Inc.); rabbit IgG isotype (cat. no. A7016; Beyotime Institute of Biotechnology); anti-human CD8 (cat. no. ZA-0508; Zhongshan Company, Beijing, China); and anti-human desmin (cat. no. ZA-0610; Zhongshan Company). Quantitative image analysis was performed using 5--10 randomly acquired, high-powered images (magnification, ×400). The number of cells in each image was manually counted and the percentage of IL-7 and desmin area was calculated with an automated action program in Image-Pro Plus (version 6.0; Media Cybernetics, Inc., Rockville, MD, USA).

### Statistical analysis

Statistical analysis was performed with one-way analysis of variance followed by a Newman-Keuls test using GraphPad Prism software (version 6.0; GraphPad Software Inc., La Jolla, CA, USA). The Spearman correlation test was conducted to analyze the existing associations. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Loss of FRCs in TDLNs

Lewis lung carcinoma cells were inoculated in the right inguinal region of 6-week-old C57BL/6 mice. Following tumor inoculation for 28 days, mice were sacrificed and LNs from the two sides of the inguinal region were collected. LNs were then digested thoroughly with enzyme mix comprised of RPMI-1640 containing collagenase IV and DNase I ([@b24-ol-0-0-6537]). Using flow cytometry, a significant decrease (P\<0.01) was observed in the number of FRCs (gp38^+^CD31^−^) in CD45^−^ cells in TDLNs compared with the control group ([Fig. 1A](#f1-ol-0-0-6537){ref-type="fig"}). ER-TR7 and gp38 were reported as markers of FRCs and required for proper formation and organization of LNs ([@b11-ol-0-0-6537],[@b28-ol-0-0-6537],[@b29-ol-0-0-6537]). To validate the effect of tumors on stromal cells in LNs, immunofluorescent staining of ER-TR7 was performed, which demonstrated that the density of ER-TR7^+^ FRCs was markedly decreased in TDLNs compared with control LNs ([Fig. 1B](#f1-ol-0-0-6537){ref-type="fig"}). Western blot analysis of gp38 showed a similar change in TDLN ([Fig. 1C](#f1-ol-0-0-6537){ref-type="fig"}). These results indicated that the population of FRCs in TDLNs was affected in tumor-bearing mice.

### IL-7 is significantly decreased in TDLNs

FRCs are resident in LNs and generate the majority of IL-7 in the periphery, which is essential for the homeostasis of lymphocytes ([@b10-ol-0-0-6537]). It was examined whether loss of FRCs impacts IL-7 expression. IL-7 transcript measured by RT-qPCR was reproducibly decreased by more than one half in the TDLNs compared with contralateral non-TDLNs and control groups ([Fig. 1D](#f1-ol-0-0-6537){ref-type="fig"}). Immunofluorescent staining of IL-7 confirmed the descent of IL-7 expression in TDLNs ([Fig. 1E](#f1-ol-0-0-6537){ref-type="fig"}), as was gp38 detection in TDLNs compared with those of the control. These results indicated that loss of FRCs in TDLNs was responsible for the decreased IL-7 secretion.

### The number of T lymphocytes is reduced in TDLNs

T cell homeostasis means that a relatively stable number of T lymphocytes in the periphery rely on IL-7 ([@b10-ol-0-0-6537]). They compete for this limited survival factor in LNs to maintain the T lymphocyte pool at a constant size ([@b11-ol-0-0-6537]). The present study aimed to identify whether the reduced level of IL-7 affects the number of total T cells in LNs. Flow cytometric analysis demonstrated that the number of CD4^+^ and CD8^+^ T cells decreased significantly in TDLNs ([Fig. 2A](#f2-ol-0-0-6537){ref-type="fig"}). Immunohistochemistry results also confirmed that the amount of CD3^+^ T cells had markedly fallen in TDLNs ([Fig. 2B](#f2-ol-0-0-6537){ref-type="fig"}). The number of CD8^+^ T cells was also calculated in the same way. In line with the downward trend of total number of T cells, CD8^+^ T cells decreased by \~15% in TDLNs ([Fig. 2C](#f2-ol-0-0-6537){ref-type="fig"}). Less T cells survived in TDLNs, indicating that less functional T cell may be armed to fight against the tumor burdens.\`

### TDLNs in patients with colon cancer

In the present study, a total of 40 patients diagnosed with colon cancer who had received surgical excision were selected. Each group contained 10 patients, according to their Dukes stage (A-D). There were 1 to 4 LNs obtained from each patient. All LNs came from mesenteric LNs which were defined as TDLNs. Desmin was reported to be another marker of FRCs in LNs ([@b28-ol-0-0-6537]). Consequently, antibodies to desmin were used to label the FRC network in human LNs. Immunohistochemistry was performed to check the expression of IL-7 and desmin in human LNs. The expression area of desmin shrunk by up to 60%, accompanied with tumor progression ([Fig. 3A](#f3-ol-0-0-6537){ref-type="fig"}). The percentage of area that stained positive for IL-7 had a downward trend, and the differences between Dukes A and D stages showed statistical significance ([Fig. 3B](#f3-ol-0-0-6537){ref-type="fig"}). With less IL-7 in TDLNs, a rapid and parallel decline of CD8^+^ T cells was detectable in the Dukes B stage and accelerated markedly in the Dukes D stage ([Fig. 3C](#f3-ol-0-0-6537){ref-type="fig"}).

### Association between desmin, IL-7 and the number of CD8^+^ T cells

A significant positive association was identified between desmin and IL-7 expression (P=0.0049; [Fig. 4A](#f4-ol-0-0-6537){ref-type="fig"}). This coincided with the fact that FRCs were the main source of IL-7. The amount of CD8^+^ T cells was also significantly associated with IL-7 expression area (P=0.0002; [Fig. 4B](#f4-ol-0-0-6537){ref-type="fig"}), since IL-7 was necessary for CD8^+^ T cell survival.

Discussion
==========

Immunosuppression is a serious problem for patients with cancer ([@b2-ol-0-0-6537]). Tumor growth may result in T cell dysfunction by alterations in T cell receptor-cluster of differentiation 3 complex and induction of T cell tolerance ([@b30-ol-0-0-6537]). T cells also produce immunosuppressive cytokines, including transforming growth factor-β1 (TGF-β1) and granulocyte-macrophage colony-stimulating factor, to promote tumor escape from immunological surveillance ([@b31-ol-0-0-6537],[@b32-ol-0-0-6537]). LN draining of pathological sites is critical in immune function for the generation of adaptive immune responses. However, TDLNs are often detected with tumor invasion as early as it was first diagnosed.

FRCs in LNs orchestrate a complex network of extracellular matrix and collagens. They facilitate immune responses and maintain T cell homeostasis through the production of IL-7. Previous studies of pathogen infection *in vivo* have stated that a number of viruses, including LCMV and SIV, may infect the FRCs directly, accompanied with disruption of the conduit network ([@b11-ol-0-0-6537],[@b33-ol-0-0-6537],[@b34-ol-0-0-6537]). Impaired FRC networks during human immunodeficiency virus infection accounted for increased apoptosis and loss of naïve T cells ([@b35-ol-0-0-6537]). A mouse tumor model of melanomas also indicated alterations of the stromal cell network only in inflammatory TDLNs, which profoundly altered the distribution of T lymphocytes as a result ([@b36-ol-0-0-6537]). The present study demonstrated that different tumor cells may influence the number of FRCs in TDLNs. Loss of FRC networks reduced the major source of IL-7 and decreased access to IL-7 ([@b35-ol-0-0-6537]). Consequently, there were less T lymphocytes left in the TDLNs. This may partly explain the weakened ability of immune surveillance of TDLNs.

Tumor cells may secrete certain types of soluble factors that directly impede immune reactions ([@b36-ol-0-0-6537]). In regard to the way in which tumors may affect FRCs, previous studies have detected higher TGF-β mRNA expression in TDLNs ([@b37-ol-0-0-6537]). TGF-β is reported to downregulate stromal IL-7 secretion *in vitro* ([@b38-ol-0-0-6537]). Otherwise, the association between tumor and stromal cells in LNs requires additional study.

In conclusion, the present results indicated that tumor cells may directly affect TDLNs by decreasing the FRC population, leading to less IL-7 secretion. As a result, the amount of T cells in TDLNs declined with less survival signals. This may have partly contributed to the explanation of cancer immunosuppressive theories.
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![FRCs and IL-7 were significantly decreased in TDLNs. (A) Flow cytometric analysis showed that the number of FRCs (gp38^+^CD31^−^) in CD45^−^ cells dropped in TDLNs, representative of 5 mice for the control group and 5 mice for the tumor-bearing group. (B) Immunofluorescent staining showed lower expression of ER-TR7 in TDLNs. (C) Gp38 detected by western blot analysis normalized to changes in the β-actin intensity. (D) The estimated amounts of IL-7 mRNA were calculated with the reverse transcription-quantitative polymerase chain reaction. IL-7 expression in TDLNs significantly decreased compared with the control group. The mean values ± standard error of the mean were analyzed from 4 mice per group, in 3 independent experiments respectively. (E) Confocal images of LNs sections stained for ER-TR7 (green) and IL-7 (red). \*\*P\<0.01, \*\*\*P\<0.001. IL-7, interleukin-7; LN, lymph node; TDLN, tumor draining lymph node; FRC, fibroblastic reticular cell.](ol-14-03-2954-g00){#f1-ol-0-0-6537}

![The number of T lymphocytes in TDLNs was reduced. (A) Flow cytometric analysis showed that the number of CD4^+^ and CD8^+^ T cells decreased significantly in TDLNs, representative of 4 mice for the control group and 8 mice for the tumor-bearing group. (B) LNs biopsies from mice were sectioned and stained for CD3. Staining was quantified by the number of cells with CD3 positivity. (C) LN biopsies from mice were sectioned and stained for CD8. Staining was quantified by the number of cells with CD8 positivity. The mean values ± standard error of mean were analyzed from 3 mice per group. \*P\<0.05, \*\*P\<0.01. LN, lymph node; TDLN, tumor draining lymph node; CD, cluster of differentiation; nTDLN, non tumor draining lymph node.](ol-14-03-2954-g01){#f2-ol-0-0-6537}

![Desmin, IL-7 and CD8^+^T cells decreased in human TDLNs. (A) LNs biopsies from patients with colon cancer were stained for desmin. QIA showed that the expression area of desmin shrunk by up to 60% accompanied with tumor progression. (B) LNs biopsies from patients with colon cancer were stained for IL-7. QIA showed that IL-7 is significantly reduced in Dukes D stage. (C) Representative sections stained for CD8 were shown from patients at different Dukes stages. QIA demonstrated that CD8^+^T cells reduced with tumor progression. \*P\<0.05, \*\*P\<0.01; \*\*\*P\<0.001. IL-7, interleukin 7; LN, lymph node; TDLN, tumor draining lymph node; QIA, quantitative image analysis.](ol-14-03-2954-g02){#f3-ol-0-0-6537}

![The Spearman correlation test was conducted to analyze the existing correlations. (A) Correlative analysis between desmin and IL-7 expression area were performed for all subjects. (B) Correlative analysis between IL-7 staining and the number of CD8^+^ T cells were performed for all subjects. IL-7, interleukin-7.](ol-14-03-2954-g03){#f4-ol-0-0-6537}
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